A multi-year study was conducted in the eutrophic Lafayette River, a sub-tributary of the lower Chesapeake Bay during which uptake of inorganic and organic nitrogen (N) and C compounds was measured during multiple seasons and years when different dinoflagellate species were dominant. Seasonal dinoflagellate blooms included a variety of mixotrophic dinoflagellates including Heterocapsa triquetra in the late winter, Prorocentrum minimum in the spring, Akashiwo sanguinea in the early summer, and Scrippsiella trochoidea and Cochlodinium polykrikoides in late summer and fall. Results showed that no single N source fueled algal growth, rather rates of N and C uptake varied on seasonal and diurnal timescales, and within blooms as they initiated and developed. Rates of photosynthetic C uptake were low yielding low assimilation numbers during much of the study period and the ability to assimilate dissolved organic carbon augmented photosynthetic C uptake during bloom and non-bloom periods. The ability to use dissolved organic C during the day and night may allow mixotrophic bloom organisms a competitive advantage over co-occurring phytoplankton that are restricted to photoautotrophic growth, obtaining N and C during the day and in well-lit surface waters.
Introduction
The number and magnitude of dinoflagellate blooms within the Chesapeake Bay region have increased over the last several decades (Li et al. 2015) , and this is alarming because many of these dinoflagellate species are potentially harmful (Marshall et al. 2009 ). The initiation and expansion of harmful algal blooms have been linked to eutrophication (Anderson et al. 2002 Glibert et al. 2005; Heisler et al. 2008 ).
Estuaries like the Chesapeake Bay receive large inorganic and organic nitrogen (N) and phosphorus (P) loads from adjacent coastal communities through point and non-point sources that fuel excess algal growth. While the bioavailability of inorganic nutrients is well-established, most of the bloomforming species in the lower Chesapeake Bay can also take up dissolved organic nitrogen (DON) compounds (Berman and Bronk 2003; Mulholland and Lomas 2008) . Recent genomic evidence has confirmed that many phytoplankton taxa are capable of taking up more components of the dissolved organic matter (DOM) pool than previously thought (Berg et al. 2008; Gobler et al. 2011; Mulholland and Lee 2009) and this may augment dissolved inorganic nitrogen (DIN) uptake.
The phytoplankton community in the lower Chesapeake Bay includes a variety of potentially bloom-forming dinoflagellates (e.g., Prorocentrum minimum, Akashiwo sanguinea, Heterocapsa triquetra, Heterocapsa rotundatum, Cochlodinium polykrikoides, and Gymnodinium spp.) (Marshall et al. 2003 (Marshall et al. , 2005 (Marshall et al. , 2009 ) that are known to be mixotrophic (Jeong et al. 2005a (Jeong et al. , b, 2015 Lewitus 2006; Burkholder et al. 2008) . Mixotrophs are capable of photoautotrophic carbon (C) assimilation as well as heterotrophic C Communicated by Paul A. Montagna acquisition through grazing on co-occurring plankton (phagotrophy) and/or uptake of DOM (osmotrophy) (Graneli et al. 1999; Stoecker 1999; Burkholder et al. 2008; Hansen 2011; Jeong et al. 2015) . Mixotrophic metabolisms were originally thought to be advantageous in oligotrophic environments where inorganic nutrients might be limiting (e.g., Tittel et al. 2003) ; however, metabolic flexibility is now known to be beneficial to organisms in eutrophic environments where light may limit photoautotrophic growth and N-rich organic compounds are abundant .
While N acquisition from organic compounds is now widely documented, uptake of associated C is not. Many algal species and groups are known to take up organic N compounds; these compounds can also provide C to support algal growth, as has been proposed for the brown tide pelagophyte, Aureococcus anophagefferens (Dzurica et al. 1989; Mulholland et al. 2002 Mulholland et al. , 2009a . During advanced stages of monospecific algal blooms, cell densities are high over long periods, and this may result in C or light limitation of photosynthesis. Osmotrophy can provide C and other elements necessary for growth because uptake of DOM and grazing do not require light. We posit that osmotrophy could be advantageous for mixotrophic dinoflagellates during bloom initiation, when phytoplankton groups compete for diverse organic and inorganic N compounds and during mature blooms, when inorganic nutrients are depleted, light penetration may be limited, and particulate or dissolved organic N may be the dominant bioavailable N.
The Lafayette River, a sub-tributary of the lower Chesapeake Bay, has a diverse dinoflagellate assemblage, including many species that exert harmful effects either directly or indirectly, through ecosystem disruption and their contribution to oxygen depletion during bloom decay (Marshall 1968 (Marshall , 1995 Mulholland et al. 2009a, b; Egerton et al. 2014; Morse et al. 2013 Morse et al. , 2014 . Species known to bloom there include a variety of mixotrophic dinoflagellates: H. triquetra in the late winter, P. minimum in the spring, A. sanguinea in the early summer, Gymnodinium sp. throughout the summer, and Scrippsiella trochoidea and Cochlodinium sp. later in the summer and fall (Fig. 1) . The Lafayette and adjacent Elizabeth Rivers (Fig. 2 ) also appear to be an initiation site for blooms that spread and are transported into the lower Chesapeake Bay (Morse et al. 2011 (Morse et al. , 2013 . The system is tidally dominated and has a long residence time (1 to 4 months; White 1972) and this is thought to contribute to the incubation of algal populations during bloom initiation (Morse et al. 2013) . Freshwater inputs are limited to precipitation, shoreline drainage, groundwater inputs, and controlled flow into the southern branch of the Elizabeth River (Kim et al. 2002; Charette and Buessler 2004) .
To better understand the nutrient dynamics over varying timescales in a eutrophic environment during a succession of dinoflagellate blooms, we conducted a multi-year study during which we measured nutrient concentrations and uptake of ) by species with respect to water temperature in Chesapeake Bay and Virginia tidal tributaries. Box plots show the 25-75th quartiles of water temperatures where the bloom concentrations were found. The vertical line within the box plot equals the median water temperature where the blooms occurred. The lower and upper error bars represent the minimum and maximum temperatures where bloom abundances were found. Data are compiled from harmful algal monitoring programs supported by the Virginia Department of Health, Virginia Department of Environmental Quality, and the Hampton Roads Sanitation District Fig. 2 Field site in the Lafayette River, a sub-tributary of the lower James River near its confluence with the lower Chesapeake Bay inorganic and organic N and C compounds by dinoflagellatedominated estuarine assemblages. We conducted these experiments at a site in the Lafayette River on a variety of timescales (seasonal, near-daily, and diurnal) over the course of blooms during 2002, when there were near-drought conditions, and during 2003, when the region received nearrecord rainfall. In subsequent years, we sampled daily (2005, 2006, and 2009 ) for periods of up to 52 days Morse et al. 2014 ) to observe dinoflagellate species succession during different seasons and with respect to nutrient availability.
Materials and Methods
We conducted a series of experiments at a single station in the Lafayette River, a sub-tributary of the James River and lower Chesapeake Bay (Fig. 2) , during periods when there were high chlorophyll a (Chl a) concentrations (> 10 mg Chl L −1 ) due to monospecific (> 95% of the phytoplankton biomass was a single species) dinoflagellate blooms (2002 and 2003) and in non-bloom periods (2003) . During 2002 and 2003, we focused on contrasting patterns in N and C uptake among bloom species and during bloom versus non-bloom conditions. In subsequent years, we sampled daily during periods when algal blooms normally develop. In 2005 and 2006, we sampled daily from the same stationary floating dock, and in 2009, we sampled from a bridge located near the site where the floating dock had been fixed.
Sampling Strategy
In 2002, we sampled blooms of P. minimum in April and May, an assemblage dominated by A. sanguinea and Skeletonema costatum during May, one dominated by A. sanguinea in August, and a bloom of C. polykrikoides in September during late morning. During 2003, we sampled blooms of H. triquetra in February and April, P. minimum in April and May, and A. sanguinea in June during late morning. In 2003, we also sampled during the late morning in July-September when communities were dominated by dinoflagellates but no one species dominated. We increased our sampling frequency in subsequent years collecting water samples daily at the same point in the tidal cycle to observe species succession in the Lafayette River during Spring, Summer, and Fall Morse et al. 2014 ).
To relate blooms of different dinoflagellate species to hydrographic properties and nutrient concentrations and uptake, we measured temperature, salinity, Chl a, and particulate N (PN) and C (PC) and organic compounds (urea, DFAA, and glucose) over the course of blooms and over diel cycles during blooms of P. minimum and A. sanguinea. For diel studies, populations were sampled at intervals over six 24-h periods, three for each species. N and C uptake was compared during bloom and nonbloom periods when Chl a concentrations were similar but the population was not dominated by any single algal species.
Sample Collection and Handling
Surface water samples were collected from a dock in acidcleaned carboys and transported to Old Dominion University. Within 15 min of sample collection, nutrient samples were filtered through 0.2-μm Supor filters and the filtrate was placed into acid-cleaned sample bottles and frozen until analysis. Samples for Chl a were filtered onto Whatman glass fiber filters (GF/F) (pore size~0.7 μm) and frozen until analysis. Samples were analyzed within 2 weeks of collection using the method of Welschmeyer (1994) . For diel studies in 2003 and daily sampling in 2005 and 2006, whole water samples were preserved with acid Lugol's solution for microscopic phytoplankton cell enumeration.
Whole water was placed into 50-mL acid-cleaned polycarbonate culture bottles to measure N and C uptake. Uptake experiments were initiated by adding tracer concentrations (0.03-0.3 μmol N L . Because nutrient concentrations were at or near the limit of analytical detection on some sampling dates in 2005 , the atom percent enrichment exceeded 10% for all uptake experiments on August 16, for urea experiments on September 26, and for urea and NH 4 + uptake experiments on September 28. In contrast, high DIN concentrations on September 20 resulted in atom % enrichments of < 2% on that date (but greater than 1%). Similarly, high NO 2 − concentrations in September resulted in atom % enrichments of < 2% on all of those sampling dates (but greater than 1%). In May 2006, ambient nutrient concentrations were near or below the limit of analytical detection for most of the dissolved N compounds measured ), experiments were terminated by gentle filtration through precombusted (450°C for 2 h) GF/C filters, and filters were frozen until analysis. GF/C filters have a nominal pore size of 1.2 μm and therefore should retain fewer bacteria than GF/F filters (nominal pore size of 0.7 μm) while retaining most phytoplankton.
We also conducted experiments to compare uptake rates measured using H ) were measured colorimetrically using an Astoria Pacific nutrient analyzer according to the manufacturer's specifications or manually (Parsons et al. 1984) . NH 4 + concentrations were measured colorimetrically using the phenol hypochlorite method (Solarzano 1969) . DFAA were measured using a Shimadzu high performance liquid chromatography (HPLC) system (Cowie and Hedges 1992) . TDN was analyzed after persulfate oxidation (Solorzano and Sharp 1980) . DON was calculated as the difference between TDN and DIN. DOC was measured using the methods of Burdige et al. (1999) . Glucose concentrations were estimated to be 2% of the DOC pool; glucose has been estimated to be 2-6% of the total DOC pool in surface waters (Benner 2002) .
Samples destined for isotopic analyses were dried and pelletized into tin disks. They were then analyzed on a Europa isotope ratio mass spectrometer (IRMS) equipped with an automated N and C analyzer (ANCA). The IRMS was tuned daily to achieve maximum sensitivity and stability. Blank runs were performed to ensure that there was no system contamination. Calibration curves were run (6-8 standards) using a sucrose/ammonium sulfate solution. 15 N and 13 C atom percent values of our sucrose/ ammonium sulfate standards were established using the National Institute of Standards and Technology certified standards. Standards were in the mass ranges of 1.17 to 100 μg N and 9.38 to 800 μg C. If the R 2 was < 99% over the mass range for the standard curve, samples were not run. Samples with masses outside of these ranges were discarded. If the standard deviation of the isotope ratio of reference standards was > 0.0005 atom % for either N or C, samples were not run. We used this upper limit to establish detection limits of ≤ 0.0015 atom % for our samples. Sample batches were prepared with reference and reference check samples inserted after every eight samples to ensure that both the reference mass and the reference atom percent remained stable throughout the runs and to drift correct results.
Absolute uptake rates were calculated using a mixing model (Montoya et al. 1996) using the following equations and as described in Mulholland and Lee (2009) 
While we attempted to enrich substrate pools by about 10%, this generally was not the case because nutrient concentrations varied by an order of magnitude even on a daily basis. This is not uncommon in estuarine environments Morse et al. 2014) . When nutrient concentrations were at or near the limit of analytical detection, the atom percent enrichment of the substrate pool was greater than 10% on many occasions, uptake could have been stimulated, and uptake rates potentially overestimated. When nutrient concentrations were high, atom percent enrichments were low. To be conservative, when the atom percent enrichment was < 2.0%, uptake rates were not calculated. This is a level sufficient for accurate calculation of uptake rates at nutrient concentrations > 0.3 μM (Fig. 2 in Mulholland et al. 2009a) .
Detection limits for the mass spectrometer were calculated for each sample run by determining the standard deviation of the atom percent values from the associated standard run and multiplying this by 3. The detection limit was always ≤ 0.0015 atom %. If the atom percent excess of a sample (atom percent enrichment of the PN pool after incubation minus the atom percent of the PN pool prior to enrichment) was less than the detection limit for a given sample run, uptake was assumed to be below the limit of analytical detection. We consider this a conservative method for estimating uptake rates. Detection limits for absolute uptake rates scale with particulate N and C concentration and so are sample-specific. Due to the large variability in the PN and PC concentrations over the course of this study, we did not calculate sample-specific detection limits for absolute uptake rates. The atom percent (or natural abundance of 15 N and 13 C) of the ambient particulate pool varied among sample dates and so was measured on each date.
The ambient N and C contribution from the DFAA pool was calculated based on the composition of the DFAA pool as described by Mulholland et al. (2002) . We assumed the lability of all amino acids were equal. In the few cases where there were no DFAA measurements, the DFAA N and C concentrations were estimated based on the average DFAA concentration and relative N and C concentrations measured in samples collected under comparable conditions. N-and C-specific growth rates were calculated from PN and PC turnover times estimated from total N and C uptake and the logistic growth equation.
Results
During Spring and early Summer 2002, the southeastern USA, including Virginia and much of the Chesapeake Bay watershed, experienced near-drought conditions. In contrast, there were record rainfalls during that time period in 2003. Consequently, salinities in the Lafayette River were higher in April and May 2002, ranging from 20 to 21, than during the same months in 2003, when salinities ranged from 8 to 18 (Table 1) .
Despite these contrasting physical and meteorological conditions, monospecific algal blooms occurred during both years. In 2002, monospecific populations of P. minimum dominated the phytoplankton assemblage during two sampling dates in the spring, A. sanguinea was dominant on five sampling dates during spring and summer, and C. polykrikoides dominated the phytoplankton assemblage on the sampling date in late summer. Chlorophyll a concentrations ranged from 10.3 to 27.0 μg L −1 , while PN and PC ranged from 13.5 to 95.8 μmol N L −1 and 92.9 to 602.7 μmol C L −1 , respectively, during 2002 (Table 1) . When P. minimum was the dominant dinoflagellate, PC:Chl a ratios were 3.6 to 4.7; however, when A. sanguinea dominated, this ratio ranged from 10.1 to 22.3. The PC:Chl a was highest (42.8) during a C. polykrikoides bloom in September. During 2003, monospecific blooms were sampled more intensively and we also sampled during non-bloom periods when the phytoplankton assemblage was more diverse. Consequently, there was a much wider range in Chl a concentrations ( ) at our sampling site (Table 1) . Monospecific blooms of H. triquetra were sampled in winter and spring, P. minimum in spring, and A. sanguinea in early summer. Monospecific dinoflagellate blooms were not observed later in the summer during 2003. The PC:Chl a ratio ranged from 3.1 to 31.7 with the highest ratios observed during the latter part of a P. minimum bloom on May 6 and 8 (24.7 and 31.7, respectively). The lowest PC:Chl a ratios (3.1 to 10) were observed during periods when there were mixed phytoplankton assemblages during summer months. , respectively, and comprised a relatively small fraction of the DON pool. DON concentrations varied by a factor of 3, ranging from 17.2 to 63.7 μmol L −1 and were higher during late summer in both years. DOC concentrations ranged from 84.1 to 987.4 μmol L −1 and were also highest during the late summer months during both years. Phosphate concentrations ranged from 0.02 to 3.09 μmol L −1 and were generally higher during the summer months for both years.
N and C Uptake
During 2002, absolute N uptake rates ranged from 0.15 to 4.62 μmol N L −1 h −1 (Fig. 3 ), while Chl a-normalized N uptake rates ranged from 0.007 to 0.215 μmol N (μg Chl a) Table 2 ). The lowest N uptake rates were observed during the P. minimum bloom in the early spring; higher rates were observed during blooms of A. sanguinea and C. polykrikoides in the late spring and summer. All of the N compounds tested (NH 4 + , NO 3 − , urea, and DFAA) were taken up; however, the dominant N source varied both within and between blooms. For A. sanguinea, the relative contributions of the different N compounds to total measured N uptake varied on each sampling date.
During the more extensive sampling in 2003, absolute uptake rates ranged from 0.29 to 9.60 μmol N L −1 h −1 (Fig. 4) and Chl a-specific N uptake rates ranged from 0.007 to 0.748 μmol N (μg Chl a) −1 h −1 (Table 2) . The highest N uptake rates were measured during the H. triquetra bloom in February and at the end of the P. minimum bloom in May when NO 3 − and urea uptake were especially high. We estimated turnover times for PN based on total measured N uptake and these averaged 0.78 day (± 0.31 day, Standard deviations are in parentheses (n = 3) a Data are from diel studies and parameters reported here are from samples collected at or just before noon, the time most comparable to data collected on other dates (see Table 3 for additional data) Table 2 Nutrient concentrations and chlorophyll a-normalized uptake rates . The highest bicarbonate uptake rates and assimilation numbers were during the A. sanguinea bloom in May (Fig. 3) . During 2003, photosynthetic C uptake was measured on each sampling date and assimilation numbers ranged from 0.01 to 3.86 gC (g Chl a) −1 h −1 (Table 2) . When uptake of all C compounds measured were included, Chl a-specific C uptake increased from 0.1 to 22.5 gC (g Chl a)
. However, the total measured C uptake was less than what would be expected based on N uptake and Redfield stoichiometry (average Redfield stoichiometry of 6.6:1 C/N) ( Table 2) . Carbon uptake rates were highly variable during both bloom and non-bloom periods. The highest C uptake rates were measured during blooms of P. minimum and A. sanguinea when rates of organic C uptake were high (Fig. 4) . However, uptake of C associated with organic compounds (glucose, urea, and DFAA) also exceeded photosynthetic bicarbonate uptake during non-bloom periods, with the exception of two dates (Fig. 4) .
Because bicarbonate uptake was such a small fraction of the total C uptake, we examined whether primary productivity was underestimated using 13 C versus 14 C-labeled bicarbonate as a tracer. We found that C uptake rates measured using 13 C were not significantly different than those made using the more traditional 14 C method (Fig. 5) . ). When uptake of C from organic compounds was included, the average PC turnover time was 7.5 days (± 8.01 days; range of 0.2-33 days, excluding two outliers of 72 and 222 days). The average C-based growth rate estimate was 0.35 day −1 (± 0.59 day
) for the particulate C pool, closer to the N-based growth rate estimates above.
Diel Studies
Chl a, PC, and PN concentrations and the abundance of bloom organisms varied by up to 3 orders of magnitude over diurnal cycles during P. minimum and A. sanguinea blooms in 2003 (Table 3) , likely due to the advection or vertical migration of cells. On April 30-May 1, P. minimum cell densities ranged from 682 to 238,000 cells mL −1 and Chl a concentrations ranged from 5.27 to 187 μg L −1 over a 24-h period. The highest cell abundance was observed during the middle of the day at about 2 pm. During the P. minimum bloom, the PC:Chl a ratio ranged from 10.7 to 33.2 (μmol C (μg Chl a)
−1
) and there was no consistent pattern with respect to the diel light cycle (Table 3) . For the A. sanguinea blooms, cell abundance, Chl a, PN, and PC concentrations were all higher (by up to a factor of 10) during the day than during the night, but the PC:Chl a ratio varied over a much smaller range (6.7 to 13.5 μmol C (μg Chl a) Diel variability in biomass had a profound effect on N uptake rates in surface waters; uptake rates generally, but not always, lower during the night than during the day. During the 2003 P. minimum bloom, all of the N compounds tested were taken up with urea and NO 3 − accounting for the bulk of N uptake most of the time (Fig. 6) . NO 3 − uptake was limited to the light period during one of the diurnal studies (May 6), but on the other two, dark NO 3 − uptake was substantial. Urea, DFAA, and NH 4 + were taken up during the day and at night (Fig. 6) . Uptake of urea and DFAA N was higher than DIN uptake at night during two of the three diurnal studies. The relatively low NH 4 + uptake rates during the P. minimum bloom were surprising given that NH 4 + was present at comparable or higher concentrations than NO 3 − or urea on two of the diel study dates (Table 4) . Photosynthetic C uptake was detectable but only a small component of the total measured C uptake and limited to daylight hours (Fig. 6) . Assimilation numbers were low ranging from 0.03 to 1.88 gC (g Chl a)
−1 h −1
. Absolute, Chl a-and cell-normalized dissolved organic C uptake far exceeded bicarbonate uptake during the day and night but were in good agreement with each other. The majority of the organic C uptake measured was from DFAA and urea but glucose uptake was also observed.
Similar to P. minimum, all of the N compounds tested were taken up by A. sanguinea over the three diurnal cycles examined and N uptake rates were lower during the night when cell (Fig. 7) were less pronounced. Like P. minimum, A. sanguinea took up NO 3 − during both the day and night. On June 17, DIN uptake increased at night and exceeded uptake of DON. The reverse was true on June 19 when DIN uptake decreased at night and uptake of N from DFAA and urea increased. In July, DIN and DON uptake rates were comparable during the day and night. High concentrations of NH 4 + and NO 3 − (Table 4 ) may have stimulated their uptake by A. sanguinea during blooms in June and July (Fig. 7) . While Chl a-normalized N uptake rates by A. sanguinea were lower than those observed for P. minimum, likely because P. minimum has less chlorophyll per cell than A. sanguinea; volumetric and cell-normalized rates were comparable (Figs. 6 and 7). Photosynthetic C uptake by A. sanguinea was limited to daylight hours but uptake of C from DFAA, urea, and glucose represented the bulk of the total C uptake over the diurnal light cycle (Fig. 7) . Only on June 19 was DIC the dominant form of C taken up. However, assimilation numbers were very low ranging from 0.02 to 0.17 gC (g Chl a)
−1 h −1 . High glucose uptake rates were observed during the dark period on June 17. However, on June 19
and July 22, overall C uptake rates were lower and urea and DFAA-C uptake contributed the most to the total measured C uptake. When comparing the relative N and C uptake from urea (C/N ratio of 0.5) and DFAA (as alanine; C/N ratio of 3.0) during P. minimum and A. sanguinea blooms in 2003 (Table 5) , we found that the C/N uptake ratio from urea and DFAA were not stoichiometrically balanced relative to their abundance in each compound and that C was often preferentially taken up from these compounds. Standard deviations are in parentheses (n = 3)
Dinoflagellate Succession
ND no data (Fig. 8  insets) . However, NH 4 + satisfied about half the N demand during a G. instriatum bloom in Spring and NO 2 − satisfied over half of the N demand during blooms of Gymnodinium sp. in late Summer. Photosynthetic C uptake fulfilled virtually all of the C demand during the G. instriatum bloom in Spring and about half the C demand during the Gymnodinium sp. bloom in late Summer and early Fall (Fig. 8) .
Discussion

Timescales of Variability
During each year, we sampled in the Lafayette River, dinoflagellates dominated the phytoplankton assemblage, and monospecific blooms developed. While temperature appeared to be a primary control on the dinoflagellate assemblage and the species most likely to bloom at a particular time (Fig. 1) , during this multi-year study, we found that there were interannual differences in dinoflagellate species succession and the timing and occurrence of blooms. These interannual differences were likely driven by climatological factors affecting hydrographic properties (e.g., water temperature and freshwater inputs) and nutrient inputs, as has been observed in other systems (Boneillo and Mulholland 2014 (Fig. 8) , species successions were observed in more detail and could be better related to shorter term variability in local meteorology, physical forcing, nutrient concentrations, and their interactions Morse et al. 2013 Morse et al. , 2014 . In addition to interannual and daily to weekly variability driven by climatological factors, there were large fluctuations in surface nutrient and chlorophyll a concentrations and cell abundance over diurnal timescales during blooms. During the P. minimum bloom that was sampled six times over a 24-h period, Chl a and cell abundances varied by 2 to 3 orders of magnitude between early afternoon and midnight (Table 3 ). This could have been due to vertical migration of cells, fine-scale patchiness, tidal advection, or a combination of these. P. minimum is known to vertically migrate at rapid rates (Olsson and Granéli 1991) . Regardless of the reason for this variability, these large fluctuations on such short timescales have important implications for water quality management and monitoring programs aimed at assessing water quality. The federal Environmental Protection Agency in the USA requires states to develop nutrient criteria for surface waters. In Virginia, the Department of Environmental Quality has established river segment-and season-specific numeric Chl a standards (currently 10-12 μg L −1 in the mesoand polyhaline segments of the lower James River estuary) that will be used to set total maximum daily loads to meet federal water quality requirements. To assess long-term status and trends of Chl a in the estuary, the Virginia Chesapeake Bay Monitoring Program samples fixed stations, monthly, in fair weather, during the day. However, in the present study we observed interannual, seasonal, daily, and even diurnal variability in algal biomass that was not captured in the monthly monitoring BLD uptake was below the limit of analytical detection records compiled over a decade (Fig. 9) . Together, these results suggest that in dynamic systems such as the Lafayette River estuary, where ephemeral blooms exert short-term variability far in excess of that reported from routine monthly monitoring, better assessment tools are necessary to assess water quality impairments.
Nutrient Concentrations
Concentrations of DIN and DON were also highly variable over weekly, daily, and diurnal timescales, as has been observed in this system previously (Table 4 ; Egerton et al. 2014; Morse et al. 2014) . This is likely because nutrient Morse et al. 2014) . Panel insets are nitrogen and carbon uptake rates measured made on dates when dinoflagellate abundances were high. The asterisk indicates that NO 2 − uptake data were not available loading is highly sporadic and closely related to tidal cycles and freshwater inputs from rainfall, storms, and coastal flooding (Gilbert et al. 2005; Filippino et al. 2017) . As for algal biomass, short-term variability in nutrient concentrations may be greater than that observed in low frequency (e.g., monthly) monitoring data. While highly variable, DOC concentrations peaked in late summer (Table 2) , similar to what was observed in a mid-Atlantic coastal bay with a long residence time and prone to brown tide blooms (Simjouw et al. 2004; Mulholland et al. 2009a, b, Boneillo and . Residence times of 1 to 4 months have been estimated for the Lafayette River, depending interannual variability in freshwater inputs (White 1972) , and this long residence time may facilitate the accumulation of organic matter in this watershed, particularly in 2002 when rainfall was low in the region. Accumulation of organic matter in estuaries can be a source of nutrients fueling future water quality impairments even after nutrient loads from the surrounding landscape are reduced and may result in a lag time between load reduction and improvements in water quality.
Nitrogen Uptake
As has been shown in previous interannual comparisons (Boneillo and Mulholland 2014; Bronk et al. 2014) , there was no single nitrogen compound that could be consistently associated with bloom activity each year (Figs. 3, 4 , and 8). During all years, DIN contributed substantially to N demand during both bloom and non-bloom periods, similar to what has been shown in other estuarine and coastal marine systems (Heil et al. 2007; Mulholland and Lomas 2008; Mulholland et al. 2009a, b; Boneillo and Mulholland 2014; Bronk et al. 2014; Moschonas et al. 2017 − was also a quantitatively large source of N to Gymnodinium sp. and other dinoflagellate-dominated phytoplankton communities (Fig. 8) , as was observed during a C. polykrikoides bloom in 2007 (Mulholland et al. 2009b) . Nitrite concentrations of up to 10 μM have been measured in the Lafayette estuarine system during late summer (Mulholland et al. 2009b ) and were 5.4 and 6.7 μM on the two dates in September 2005, when uptake rates were measured (data not shown). The accumulation of NO 2 − is likely due to incomplete nitrification during late summer when there is mixing of NH 4 + -rich, low oxygen bottom waters with more oxygenated surface waters (McCarthy et al. 1984) .
Despite high DIN concentrations, organic nitrogen was also an important source of nitrogen throughout this study. Urea and DFAA contributed significantly to the total measured N uptake during blooms (Figs. 3, 4, 6, 7, and 8) , consistent with other studies (Glibert et al. 2001; Mulholland et al. 2002 Mulholland et al. , 2009a Heil et al. 2007; Anderson et al. 2008; Gobler et al. 2012; Boneillo and Mulholland 2014; Bronk et al. 2014; Moschonas et al. 2017) . We also observed that high rates of DON uptake for these compounds were not limited to periods when there were blooms (Fig. 4) . During the summer of 2003, when there were no monospecific blooms observed, but dinoflagellates still dominated the phytoplankton community, uptake of DON compounds usually exceeded that of DIN. Similar observations were made in another eutrophic system during summer in the absence of algal blooms (Boneillo and Mulholland 2014) and in coastal systems where the composition of the dissolved N pool has been related to phytoplankton community composition (Heil et al. 2007; Moschonas et al. 2017) .
The dominant form of N taken up also varied over the course of individual blooms. For example, during two A. sanguinea blooms in 2002, the dominant source of N taken up on each of the five sampling dates was different; urea, NH 4 + , DFAA, and NO 3 − , were the dominant N compounds taken up on different days (Fig. 3) . Similar variability in N uptake rates were observed during a C. polykrikoides bloom in 2007 (Mulholland et al. 2009b ). In contrast, N uptake during the G. instriatum bloom in 2006 was always dominated by NH 4 + on the 4 days it was measured. Most phytoplankton have the capacity to take up a diverse suite of N compounds, and the rate of N uptake by phytoplankton is thought to be regulated by the relative growth phase, physiological status of cells, temperature, and nutrient concentrations (Mulholland and Lomas 2008) . However, changes in the dominant form of N taken up over the short time scales (e.g., days and diurnal cycles) have not been demonstrated frequently. This flexibility in nitrogen uptake may contribute to the success of bloomforming phytoplankton in dynamic coastal environments, where the inputs of nitrogen are sporadic and comprised of diverse compounds, physical conditions are dynamic, and biological production and recycling exerts strong impacts on the biogeochemical cycling of nutrients. The physiological status of bloom populations varies over the course of blooms as they initiate, propagate, and decay, and nutrient concentrations are drawn down Killberg-Thoreson et al. 2014; Egerton et al. 2014; Morse et al. 2014) In addition to short-term variability (e.g., daily) in N uptake during blooms, we observed interannual variability in the dominant form of N taken up during blooms of the same species. For example, in 2002, NH 4 + contributed about 50% of the total N uptake in natural populations dominated by P. minimum (Fig. 3 ) consistent with the observations made during a bloom of P. minimum in the Choptank River (Fan et al. 2003). However, in 2003, urea and NO 3 − were the dominant N sources taken up during the P. minimum bloom in the Lafayette River (Fig. 4) . This may have been because of interannual differences in nutrient availability. Interannual variability in the dominant N compound taken up was also observed in a multi-year study of A. anophagefferens blooms in a nearby coastal bay (Boneillo and Mulholland 2014) suggesting that the form of N present may be less important than the total quantity of bioavailable N (Davidson et al. 2012) . N uptake also varied over diurnal timescales during blooms of P. minimum and A. sanguinea during 2003. Most measurements of N uptake during blooms have been made during the day when uptake is thought to be energetically most favorable. We measured high rates of N uptake even during the night (Figs. 6 and 7) when cell abundance and Chl a biomass were lower (Table 3) . Dark uptake of inorganic N (in particular, nitrate) is thought to be limited by the supply of energy and reductant from photosynthesis and dark uptake of inorganic N has been linked with nutrient limitation (MacIsaac 1978; Paasche et al. 1984; Kudela and Cochlan 2000; Fan and Glibert 2005) . Results presented here suggest that night-time uptake is an important but overlooked means of meeting cellular N demands and this may contribute to the success of dinoflagellates in nutrient-rich environments. In a culture study, P. minimum took up N at night in deeper water and this was linked to their rapid vertical migration (Olsson and Granéli 1991) . Because all of the incubations from the present study were done using surface water, we could not account for variations in cellular nutrient acquisition and metabolism as a result of vertical migration.
Based on observed N uptake rates, PN turnover times were rapid (0.78 ± 0.31 days in 2002 and 0.89 ± 0.77 days in 2003) suggesting that there were ample sources of N in this system to fuel rapid algal growth. The rapid uptake of N and turnover of biomass make it impossible to assess nutrient availability, preferences, and uptake from in situ dissolved nutrient concentrations. While allochthonous N inputs contribute substantially to N inputs in the Lafayette River, in situ N recycling of biomass and regeneration of sedimentary organic matter may also contribute substantially to N availability in this shallow eutrophic system. N regeneration rates were not measured as part of this study, but uptake and regeneration of NH 4 + are tightly coupled in most aquatic systems (Bronk and Steinberg 2008; Bronk et al. 2014) . If urea and DFAA, along with NH 4 + , were rapidly regenerated in our short-term incubation experiments, the uptake rates reported here would be underestimates (Lipschultz 2008) .
Carbon Uptake and Osmotrophy
Phytoplankton are generally thought to be sources of DOC in the environment fueling bacterial growth (Carlson and Hansell 2015) . However, in this study, we determined that H. triquetra, P. minimum, and A. sanguinea all took up C from dissolved organic compounds (urea, DFAA, and glucose), and DOC uptake exceeded bicarbonate uptake on most dates measured (Fig. 4) . While urea and DFAA are generally thought of as N sources for phytoplankton growth (Mulholland and Lomas 2008 ), C uptake rates from these compounds were also high on many occasions. Urea and DFAA carbon uptake has been observed during blooms of the pelagophyte, A. anophagefferens (Mulholland et al. 2009a; Boneillo and Mulholland 2014) and during a bloom of C. polykrikoides in the lower James River estuary (Mulholland et al. 2009b ). However, these compounds were used primarily as an N source in the Gulf of Mexico associated with blooms of K a r e n i a b r e v i s ( B r o n k e t a l . 2 0 1 4 ) and in A. anophagefferens blooms in Quantuck Bay, NY (Lomas 2004; Mulholland et al. 2009a ). The ratio of C/N taken up from urea and DFAA in the present study suggests that these compounds were used primarily as a C source during parts of the day (Table 5 ). Although we expected that organic C uptake would be higher at night when cells are not photosynthetically active, this was not always the case (Figs. 6 and 7) . While we did not measure the bacterial contribution to the observed C uptake in this study, based on our calculations, phytoplankton accounted for > 99% of the C biomass in this system during blooms.
Assimilation numbers calculated from photosynthetic bicarbonate uptake ranged from 0.002 to 3.86 gC (g Chl a)
−1 h −1 (Table 2 ) and were usually much lower than the range previously observed in phytoplankton cultures (Glover 1980) and in the Chesapeake Bay (Harding et al. 1985) . While the mean assimilation number was similar to those reported during a bloom in another Chesapeake Bay tributary (0.62 gC (g Chl a)
; Gallegos 1992) and those predicted for large dinoflagellates (1.29 to 1.50 gC (g Chl a)
−1 h −1 ;
Gallegos 1992), we generally observed extremely low assimilation numbers during both bloom and non-bloom periods. Assimilation numbers are widely used in models and remote sensing to convert phytoplankton biomass to productivity. However, assimilation numbers are highly variable as they are indicative of phytoplankton physiology and nutrient and light limitation (Parsons 2002; Milligan et al. 2015) . Low assimilation numbers have been found in other systems where mixotrophs are abundant (Laybourn-Parry and Perriss 1997). Because heterotrophy and autotrophy require different biochemical machinery, it is thought that mixotrophs reduce their photosynthetic machinery when grazing (Sanders et al. 1990 ); however, others suggest that photosynthetic machinery might continue to provide energy during mixotrophic growth ). The exceedingly low assimilation numbers we observed here (Table 2) suggest that Chl a may have been retained by cells taking up organic C and has important implications for modeling productivity based on Chl a biomass in systems dominated by phytoplankton mixotrophs (Flynn and Mitra 2009; Flynn et al. 2012) . Particulate carbon turnover times estimated from bicarbonate uptake alone were much longer than those observed for nitrogen averaging 110 ± 145 days, resulting in a stoichiometric imbalance in the C/N turnover (Table 2 ). When we include the contribution of organic C uptake measured in this study, turnover times of the PC pool decreased to 7.5 ± 8.0 days, reducing this imbalance (Table 2 ) and closing the gap between N and C-based growth rate estimates (1.34 and 0.35 day −1 , respectively). To examine whether this gap could be reconciled by integrating C and N uptake over diurnal timescales when light-dependent and light-independent uptake might vary, we conducted diurnal studies. During the P. minimum bloom in 2003, when we made rate measurements at six time points over a 24-h period, we applied each rate over 4 h of the diurnal cycle to calculate the total daily N and C uptake as 124.3 μmol N L −1 h −1 and 585.5 μmol C L −1 h −1 , a C/N uptake ratio of 4.7, and closer to Redfield stoichiometry. This suggests unbalanced growth, missing C sources, or that growth is balanced over longer timescales. In the present study, C uptake was measured for only a limited suite of organic C compounds that together make up a very small fraction of the mostly uncharacterized DOC pool (Repeta 2014) . If other DOC compounds are also taken up by cells, and we view this as likely, our estimated contributions of DOC to total measured C uptake are underestimates.
Advantages of Mixotrophy
Little is known about the role of DOC uptake in augmenting autotrophic metabolisms (Lewitus 2006; Burkholder et al. 2008) , even though high DOC concentrations are often reported during and after blooms of algal mixotrophs (Gobler et al. 2004; Mulholland et al. 2009a; Boneillo and Mulholland 2014) , uptake of organic N is thought to be common in the environment (Mulholland and Lomas 2008) and has been linked to algal blooms (Anderson et al. 2002; Heisler et al. 2008 ). DOM additions have been shown to stimulate algal growth; however, this growth stimulation is generally attributed to the DON (Doblin et al. 1999; Fagerberg et al. 2009; Loureiro et al. 2009; Filippino et al. 2011; Cawley et al. 2013 ). In addition to osmotrophy, it is well-known that grazing by dinoflagellate mixotrophs can contribute to their nutrition (Jeong et al. 2005a (Jeong et al. , 2015 Burkholder et al. 2008) . In a study of Alexandrium catenella, Collos et al. (2013) found that only 47% of the C demand was met by bicarbonate uptake and the remainder was made up through grazing. While we did not examine mixotrophic grazing in this study, many of the dinoflagellates that dominated the algal community in this study are known to graze (Li et al. 2000; Jeong et al. 2004 Jeong et al. , 2005a Jeong et al. , b, 2015 . Early studies suggested that algal heterotrophy was a response to low ambient nutrient concentrations (Stoecker et al. 1997 , Fan et al. 2003 , Stoecker and Gustafson 2003 ; however, more recently, algal mixotrophy has been found to be common in eutrophic environments (Adolf et al. 2008 . The expression of trophic modes in dinoflagellates appears to be species-specific, thus allowing different species to exhibit diverse physiological responses to the nutritional and physical environments and the abundance of prey and thereby occupy a wide variety of nutritional niches (Stoecker 1999) . For example, P. minimum grazed cryptophyte prey when inorganic nutrients were limited but not in response to low light suggesting that P. minimum feeds to obtain limiting nutrients rather than supplement their C nutrition (Stoecker et al. 1997) . While mixotrophic grazing was not examined in the present study, osmotrophic uptake of dissolved organic compounds substantially subsidized both N and C acquisition during bloom and non-bloom periods and during the day and night and should be considered in mixotrophic models.
Our results suggest DOC uptake by dinoflagellates during the light and dark may contribute substantially to their C demand in eutrophic estuaries. This may be important because light availability can become limiting during blooms due to self-shading, shading by other particles, or when cells are advected or migrate out of the photic zone. When light is limited or at night, DOC uptake can supplement photosynthetic carbon fixation and support additional inorganic and organic N acquisition. The flexibility of dinoflagellates with regards to their N and C nutrition along with vertical migration (Olsson and Granéli 1991; Katano et al. 2011 ) may contribute to their success in the eutrophic estuaries where nutrient concentrations are dynamic and high algal density can result in light limitation. While osmotrophy and phagotrophy may augment the nutrition of primarily phototrophic dinoflagellates (e.g., P. minimum), offering them a competitive advantage over strict photoautotrophs, photosynthesis may augment the C nutrition of primarily heterotrophic dinoflagellates (e.g., A. sanguinea) offering them a competitive advantage over strictly heterotrophic protists in environments or at times when prey densities are low (Havskum and Hansen 1997; Stoecker et al. 1997; Stoecker 1999) . Mixotrophy also allows organisms to supplement DIC uptake and acquire C and N over the entire diurnal light cycle in surface waters or in deeper water allowing them nutritional options over the entire day. These strategies may contribute to the ability of mixotrophic organisms to outcompete co-occurring phytoplankton and form blooms.
Conclusions
Our results suggest that dinoflagellates are metabolically versatile and this may contribute to their competitive success in highly variable, nutrient-rich estuarine environments. Bloomforming dinoflagellates in the lower Chesapeake Bay have flexible N and C metabolisms that vary over short time scales and allow them to exploit the highly variable nutrient and hydrographic environment that results from tidal and freshwater forcing. The nutritional flexibility exhibited by dinoflagellates may contribute to the success of mixotrophic species in dynamic, eutrophic environments where there are abundant sources of organic and inorganic nutrients and timescales of variability are short; however, it may make them difficult to model if osmotrophy contributes to low and variable assimilation numbers. As found previously, there appears to be no single form of N that fuels blooms of dinoflagellates and the relative contribution of inorganic and organic N and C sources to their nutrition varies seasonally, over the course of individual blooms and over diurnal cycles. While in the traditional microbial loop, DOC produced by photosynthetic organisms is channeled to bacteria and then through the food web (Graneli et al. 1999) , mixotrophic phytoplankton utilizing DOM may provide an alternative pathway for C flow in systems dominated by mixotrophic microbes. Further, because mixotrophic behaviors affect carbon flow through ecosystems (Flynn et al. 2012; Mitra et al. 2014) , this may contribute to the observation that most estuaries are thought to be heterotrophic (Gattuso et al. 1998; Middelburg and Nieuwenhuize 2000) despite high algal biomass. Based on the metabolic theory that temperature affects heterotrophic processes more strongly than autotrophic processes, Wilken et al. (2013) found that the mixotroph Ochromonas sp. became more heterotrophic with rising temperatures. If this is true for other mixotrophic organisms, it will have important implications for food webs and carbon flow in estuarine systems dominated by mixotrophic microbes.
